Studying the molecular consequences of rare genetic variants has the potential of identifying 30 novel and hereto uncharacterized pathways causally contributing to phenotypic variation. 31
extensive comprehension of the pathways driving a complex trait. This can help identify 48 prospective personalized targets for intervention in complex diseases. 49
The 'common disease, common variant' rationale of genome-wide association studies is 52 being challenged owing to limited fraction of disease heritability explained by the mapped 53 common variants (Manolio et al. 2009; Zuk et al. 2014 ). One of the potential contributors to 54 this 'missing' heritability has been suggested to be the potential effects of rare variants which 55 are not considered (Saint Pierre and Génin 2014). This view has been substantiated by the 56 identification of rare variants carrying a considerable risk for autism, schizophrenia and 57 epilepsy (Stankiewicz and Lupski 2010) . Thus characterizing the functional role of rare 58 variants associated with complex diseases has the potential for revealing new biology and 59 providing opportunities for treatment (Cirulli and Goldstein 2010; Zuk et al. 2014 ). Even 60 though multiple variants for various diseases have been mapped, they have not been able to 61 provide targets for treatment. This is because firstly, many variants have been mapped in 62 regulatory or non-coding regions, therefore the affected gene is not known. Secondly, even 63 when a variant is in a coding sequence but if the affected gene is not well characterized for 64 the phenotype, the variant may be of little use. This makes characterization of either common 65 or rare genetic variants laborious. Hence the causal path connecting a variant to the 66 phenotype is usually unknown. Thus to understand the causal path of a variant, it is important 67 to identify the mediating molecular pathways. Identifying these mediating pathways has the 68 potential to greatly expand the set of possible targets for molecular intervention (Gagneur et 69 al. 2013) . 70 71 Yeast sporulation efficiency is a complex trait and many causative polymorphisms have been 72 mapped in sporulation genes such as IME1, an initiator of meiosis (Gerke et al. 2009 ) and 73 RIM15, a glucose-sensing regulator of meiosis (Lorenz and Cohen 2014) . However a 74 polymorphism each was identified in two genes with functional annotations described for 75 mitotic growth only. These polymorphisms were in MKT1, a putative RNA-binding protein 76 and TAO3, a putative scaffolding protein (Deutschbauer and Davis 2005) . These novel non-77 synonymous polymorphisms, MKT1(89G) and TAO3(4477C) were identified in a high 78 efficiency sporulating SK1 strain while the low efficiency S288c strain had MKT1(89A) and 79 TAO3(4477G) (Deutschbauer and Davis 2005) . In our previous work we determined that 80 MKT1(89G) variant increased the sporulation efficiency by genetically interacting with 81 regulators of mitochondrial retrograde signaling and nitrogen starvation during sporulation 82 (Gupta et al. 2015) . Tao3 encodes a highly conserved scaffolding protein that is a component phases showed that the T strain initiated meiosis within 12h ( Figure 1D -E). Quantitative 117 comparison of the time to initiate meiosis and the rate of transition from G 1 /G 0 into Meiosis I 118 stage showed significant difference between the T and S strains ( Figure 1D -E, Figure S1 ). 119
This suggested that TAO3(4477C) affected entry of the T strain cells initiating meiosis within 120 12h in sporulation. To resolve when during this 12h time phase TAO3(4477C) affects the 121 phenotype, this endogenous allele in the T strain was placed under a tetracycline-responsive 122 promoter (P Tet -TAO3(4477C) strain, see Methods). In the absence of tetracycline analogue, 123 doxycycline, P Tet -TAO3(4477C) strain showed higher expression of TAO3(4477C) relative to 124 its expression in the S strain (Methods, Figure S2 ). Addition of 2µg/ml doxycycline 125 significantly reduced TAO3 expression level, making it equivalent to the S strain (Methods, 126 Figure S2 ). Concomitantly in the absence of doxycycline, the P Tet -TAO3(4477C) strain 127 showed high sporulation efficiency ( Figure 1F ). In presence of doxycycline for the entire 48h 128 in sporulation medium, the sporulation efficiency of the P Tet -TAO3(4477C) strain was 129 equivalent to the S strain ( Figure 1F ). This suggested that high TAO3(4477C) expression was 130 required for the high sporulation efficiency phenotype. We next reduced TAO3(4477C) 131 expression for specific shorter time-periods in the sporulation medium. Sporulation efficiency 132 of the P Tet -TAO3(4477C) strain was equivalent whether doxycycline was present only for the 133 first 6h or for 48h and this efficiency was equivalent to the S strain ( Figure 1F ). However 134 when doxycycline was present only for the first 3h, the P Tet -TAO3(4477C) strain showed a 135 slight but significant difference (P = 0.02) in sporulation efficiency compared to S strain 136 ( Figure 1F ). This showed that TAO3(4477C) allele affected sporulation efficiency within the 137 first 6h in sporulation. 138 139
Role of TAO3 in meiosis is distinct from its role during mitosis 140
Varying the gene expression of TAO3(4477C) affected the sporulation efficiency phenotype. 141
Hence to identify the molecular pathways affected by this causative allele, we studied the 142 global gene expression dynamics during sporulation in the allele replacement strains. Time-143 resolved transcriptomics of the T and S strains were compared from 0h to 8h30m in 144 sporulation medium (see Methods). At the initial time point (t = 0h) only 190 out of 6,960 145 transcripts (~3%) showed differential expression, with an enrichment for a single gene 146 ontology term iron ion homeostasis (P = 0.04, post Holm-Bonferroni corrected, Figure S3 ). 147
In contrast 1,122 transcripts (including non-coding SUTs, Table S1 ) showed statistically 148 significant differences in gene expression dynamics as a function of time between the two 149 strains (FDR cut-off 10%, when controlling for expression at t = 0h). While TAO3 was amongst the transcripts showing differential expression dynamics during sporulation (P = 151 0.004), none of its mitotic interactors showed differential expression ( Figure 2B ). However a 152 few ACE2-regulated genes did show differential expression (11 genes labeled green in Figure  153 2B), so we studied the effect of ace2∆ in the T strain and high sporulating SK1 strain. ACE2 154 is known to regulate the budding phenotype (Voth et al. 2005 ) thus both the T and SK1 155 strains with ace2∆ showed clumping. However ace2∆ did not affect sporulation efficiency of 156 either the T or SK1 strain ( Figure 2C ). Ace2-independent effect of RAM network on cellular 157 polarization have been observed previously (Nelson et al. 2003 ) therefore it is possible that 158 this network could still be involved in meiosis. 159
160
To determine whether the mitotic interactors of TAO3 were distinct from its meiotic 161 interactors, we again used P Tet -TAO3(4477C) strain and reduced TAO3 expression only 162 during the mitotic growth phase, i.e. in glucose rich (YPD) medium. We observed no growth 163 difference between P Tet -TAO3(4477C) strain with or without doxycycline and the T strain 164 ( Figure S2 ). In addition there was no effect on sporulation efficiency among the strains 165 ( Figure 1F ). These results implied that probably TAO3(4477C) allele had a distinct meiotic 166 role from its established function in mitosis-related processes. 167
168

Temporal gene expression profiling predicts TAO3(4477C)-specific interactors during 169 sporulation 170
We showed that TAO3(4477C) had a distinct role in the sporulation processes within first 6h 171 of sporulation ( Figure 1F ). Hence we identified by clustering (see Methods), sets of 172 differentially expressed genes showing early and increasing trend in their expression profiles 173 in the T strain only. Various sporulation genes including crucial regulators of meiosis, 174 namely IME1, IME2, DMC1 and NDT80 were enriched (P = 5.5 × 10 -12 ) in a cluster showing 175 increasing expression (Cluster II) during sporulation in the T strain ( Figure 3B , see Methods). 176 Approximately 50% of Cluster II genes of the T strain showed a similar increasing trend in 177 the S strain, including IME1, IME2, DMC1, ECM11 and NDT80 ( Figure S4 , Table S2 ). 178 Interestingly very few early expressing genes (Cluster I) of the T strain overlapped with the S 179 (7%, Figure S4 ). These genes belonged to biological processes that regulated entry into 180 sporulation, such as carbohydrate metabolic process, ion transport, mitochondrial 181 organization and cellular respiration (Table 1 ). Furthermore genes involved in biological 182 processes like carbohydrate metabolic process and mitochondrial organization showed 183 repression in the S strain (Table 1, Figure S5 ). Therefore to study the early effects of the 184 causal TAO3 allele, we identified regulators of only those differentially expressed genes that 185 showed early and increasing expression uniquely in the T strain (Tables S3 and S4) . 186 187 These regulators were enriched in nutrient metabolism and chromatin modification -188 biological processes important for initiation of meiosis (Neiman 2011) . A core sporulation 189 gene UME6, which together with IME1 induces expression of early meiotic genes (Kassir et 190 al. 2003) and is known to regulate other important processes for initiating meiosis (Table 2, involved in the switch from fermentation to respiration in glucose-limiting conditions (Gasmi 196 et al. 2014) . OAF1-PIP2 is a protein complex regulating lipid metabolism (Karpichev and 197 Small 1998) . DAL81 is a regulator of nitrogen degradation pathway (Marzluf 1997). 198 Interestingly like UME6, OAF1 target genes were repressed in the S strain (Cluster IV, Table  199 S6). Earlier work in S288c and SK1 strains has shown upregulation of ERT1, PIP2 and 200 DAL81 in SK1 strain during sporulation (Primig et al. 2000) . However their deletion in 201
S288c strain had no effect on its sporulation efficiency (Deutschbauer et al. 2002) . A few 202 other interesting candidate genes that were not upstream UME6 were also identified (Tables 203 S3 and S4). These included GAT1, a regulator of nitrogen metabolism (Ljungdahl and 204 Daignan-Fornier 2012) and GAT3, a regulator of spore wall assembly (Lin et al. 2013 ). We 205 next tested if the metabolic regulators identified through this analysis were TAO3(4477C)-206 specific mediating genes during sporulation. 207 208
Allele-specific functional validation identifies TAO3(4477C)-specific genetic interactors 209 during sporulation 210
The candidate genes predicted in the above analysis could be either causal mediating genes 211 interacting with TAO3(4477C) during sporulation or non-mediating consequential genes 212 associated with only the genotype or the phenotype. To identify only the causal mediating 213 genes, we used a genetic model described previously ( Figure 4B , Gupta et al. 2015) . 214 According to this model if a gene is associated only with the genotype and not with the 215 phenotype or is expressed as a consequence of the phenotype, its deletion would not affect 216 the T strain phenotype. If a gene had an independent role in sporulation phenotype, its 217 deletion will result in both a reduction in phenotype and an additive effect, irrespective of the 218 genetic background. Any significant deviation from this expectation would imply dependence 219 on the genotype with epistasis being an extreme case. In this scenario deleting the gene in T 220 strain would affect the phenotype while deleting the same in the S would not have an effect 221 on the phenotype, making it a causal mediating gene. While gat1∆ had no effect on 222 sporulation efficiency of the T strain, ert1∆, pip2∆ and gat3∆ significantly reduced the mean 223 sporulation efficiency in the T strain by about 1.5-fold (P = 2.1 × 10 -12 , P = 6.1 × 10 -13 , P = 224 9.6 × 10 -10 respectively, pair test in Methods, Figure 4C ). Significant interaction terms were 225 obtained between the genetic backgrounds (S and T) and ert1∆ and pip2∆ (P = 2.3 × 10 -4 , P = 226 0.04, see Methods) but not for gat3∆. This showed that the effect of ert1∆ and pip2∆ on 227 sporulation efficiency was specific to TAO3(4477C), making them causal mediating genes. 228 GAT1 and GAT3 were non-mediating genes, the former associated with the genotype only or 229 a sporulation-consequential gene and the latter affected sporulation independent of the 230 genotype. Therefore genetic and functional validation using this model identified true causal 231 genes, namely ERT1 and PIP2, mediating the effect of the allelic variant of TAO3 on 232 sporulation efficiency. variation (Deutschbauer and Davis 2005) . In this study we identify ERT1 and PIP2 as the 240 TAO3(4477C)-dependent mediators contributing to efficient meiosis. These genetic 241 interactors of TAO3(4477C) are distinct from the mitotic interactors of TAO3(4477G). In this 242 study we identify their novel regulatory role in sporulation efficiency. 243 244 Acetate is the sole non-fermentable carbon source available to yeast during sporulation in 245 laboratory conditions. During sporulation, this acetate gets internalized into the tricarboxylic 246 acid (TCA) and glyoxylate cycle. Gluconeogenesis utilizes the TCA cycle intermediates and 247 synthesizes storage carbohydrates like trehalose that is utilized during late sporulation 248 processes (Ray and Ye 2013). Hence TCA, glyoxylate and gluconeogenic metabolic 249 processes are crucial for sporulation to proceed since reduced flux through these pathways 250 decreases sporulation efficiency (Aon et al. 1996) . Moreover the genes encoding the crucial enzymes of these metabolic processes such as PFK1, CIT1 and CIT2 are essential for 252 sporulation (Deutschbauer et al. 2002) . ERT1 and PIP2 are known to regulate these 253 metabolic enzymes (Baumgartner et al. 1999 S288c strain as the reference strain identified two additional polymorphisms ( Figure S6 , 295 Table S7 ). Three consecutive backcrosses were performed between the haploid derivative of 296 YAD331 and the haploid reference strain (S288c) to remove these secondary polymorphisms. 297
After the backcrosses, the sole genetic difference between the reference S288c strain and the 298 backcrossed allele replacement strain was at TAO3(G4477C) position, which was confirmed 299 by performing PCR-based sequencing 650bp up and downstream around the two secondary 300 polymorphisms and the TAO3 polymorphic nucleotide. This backcrossed strain was 301 diplodized to make it homozygous at TAO3(4477C) position and was termed as "T strain" in 302 this study. The diploid parental strain S288c was termed as "S strain" in the study. All gene 303 deletions in the study were made in the haploids of T and S strains except the ones made in 304 SK1 strain (Table S8 ). Deletions were performed and verified as described previously 305 (Goldstein and McCusker 1999; Gietz and Woods 2002) . The haploid strains were diplodized 306 using pHS2 plasmid (containing a functional HO) and mating type were confirmed by 307 performing MAT PCR (Huxley et al. 1990 ). All the experiments in this study were 308 performed using the diplodized parent strains and their diploid derivatives. For replacing the 309 endogenous TAO3 promoter (-150 to -1bp upstream start site) in the T strain with a 310 tetracycline-responsive promoter, a tetO 7 -based promoter substitution cassette containing 311 kanMX4 was amplified from the plasmid pCM225 (Bellí et al. 1998b ). The diploid T strain 312 with this tetO 7 -based cassette is termed P Tet -TAO3(4477C) strain. The primers for 313 sequencing, deletions and their confirmations are listed in Table S9 . 314 315 Phenotyping 316
Sporulation efficiency estimation at 48h, progression through meiotic landmark events 317
Meiosis I (MI) and Meiosis II (MII) and its quantitation was done as described previously (Gupta et al. 2015) . For quantitation of meiotic landmarks in the T strain, parametric curves 319 assuming delayed and 1st order kinetics were fitted to the DAPI-stained meiotic progression 320 time course data and fitting uncertainties were estimated by bootstrapping (File S1). Cell 321 cycle progression data for S288c and SK1 strains was taken from Gupta et al. (2015) (Figure  322 1D-E). Conditional expression of TAO3(4477C) was performed by constructing P Tet -TAO3 323 strain (details in File S1), which was responsive to tetracycline-analogue doxycycline (Bellí 324 et al. 1998a; Bellí et al. 1998b ). Doxycycline (2µg/ml) was added in growth and sporulation 325 media to decrease the expression of TAO3 gene. For each strain, a minimum of three 326 biological replicates was used and the experiment was carried out a minimum of two times. 327
Approximately 300 cells were counted per replicate. Fold difference was calculated as the 328 ratio of mean sporulation efficiencies of the two strains A and B when the sporulation 329 efficiency of A is greater than of B. Growth curve analysis was performed for individual 330 strains grown in YPD in 96-well plates. Cells were grown overnight in YPD to saturation, re-331 inoculated in YPD in transparent 96-well plates with a starting OD 600 of 0.01 and grown with 332 shaking at 30˚C for 24h in Tecan Infinite M200 microplate reader. Doubling times were 333 calculated from OD measurements of liquid cultures at a wavelength of 600 nm in the Tecan 334 reader. For each strain, four technical replicates for each of the three biological replicates 335 were used. Raw sporulation efficiency values are given in Table S10 . 336
337
Statistical test for calculating sporulation efficiency 338
For comparing sporulation efficiency, two statistical tests were used: the pair test and the 339 interaction test. The pair test tests the null hypothesis that the two given strains (S and T) 340 have the same sporulation efficiency. 341
342
The number y i,k of sporulated cells (4-nuclei count) among the total number of cells n i,k of 343 strain i in replicate experiment k was modeled with a quasi-binomial generalized linear model 344 using the logit link function and subject to a common log-odd ratio β i between replicates, i.e.: 345
348
The pair test tests the null hypothesis of equality of log odd-ratios for two strains i and j, i.e. 350 biological replicates were used. The primers used are given in Table S9 . 379
Whole genome gene-expression analysis 381
Within each strain, the log 2 expression values obtained were smoothed using locfit at 382 optimized bandwidth parameter h = 1.2 ( Figure S7 ), base transformed for each transcript by 383 subtracting the expression value at each time point from the baseline value at time point t = 384 0h (t 0 , Table S11 ). This log 2 fold change value with respect to t 0 is described as "expression" 385 throughout the manuscript. For identifying the genes showing temporal differential 386 expression between the T and S strains (Table S1), method implemented in EDGE software 387 was used, which calculated statistically significant changes in expression between the T and 388 S strains over time (Storey et al. 2005) . The differentially expressed genes were clustered 389 according to their temporal expression patterns using time abstraction clustering algorithm 390 implemented in the TimeClust software (Magni et al. 2008 , see File S1). Four major clusters 391 were identified in each strain: Cluster I (early trend), Cluster II (increasing trend), Cluster III 392 (late trend), Cluster IV (repressing trend) ( Table S2 ). The transcription factors regulating a 393 cluster of genes were extracted using the YEASTRACT database (Teixeira et al. 2013 ). Only 394 those transcription factors were considered as candidate genes whose target genes were 395 significantly enriched in the corresponding cluster (P ≤ 0.05, odds ratio ≥ 1.5). YEASTRACT 396 database was also used to obtain the regulation matrix of yeast for identifying target genes of 397 regulators in this study such as UME6. Target genes for ACE2 were obtained from Nelson et 398 al. (2003) . Significantly enriched Gene Ontology terms by biological process (Bonferroni 399 corrected P < 0.05, Table 1) addition of doxycycline is depicted as "+" in that condition. "+3h" condition in Spo implies 459 doxycycline was throughout in the growth medium and in the sporulation medium till 3h 460 after which cells were sporulated in the absence of doxycycline. "+6h" condition implies 461 doxycycline was throughout in the growth medium and in the sporulation medium till 6h 462 after which cells were sporulated in the absence of doxycycline. P value was calculated by an 463 unpaired t-test. Error bars are standard error of mean. 464
Figure 2. Role of TAO3 in meiosis is distinct from its role during mitosis 465 (A) Heatmap showing gene expression of RAM network genes and Ace2-regulated genes in 466
the T and S strains. Gene names in green show differential expression (data in Tables S1 and 467 S11). 468 (B) Bar plots represent the mean sporulation efficiency after 48h of the SK1 and T wild type 469 (wt) and ace2∆ deletion strains. Pair and interaction tests (described in Methods) were 470 performed to test significance. 471 (C) Expression profile (log 2 fold change t 0 ) of TAO3 is given in the y-axis for the T (purple) 472 and S strains (red) and the x-axis denotes the time in sporulation medium (data in Tables S1 473 and S11). YFG1 gene is shown inside the box. A1 is associated with high sporulation efficiency (wild 501 type genotype and phenotype shown) and A2 is associated with low sporulation efficiency 502 (wild type genotype and phenotype shown). Genetic interaction of these YFG1 alleles with 503 candidate mediating genes (YFG2) is represented -(i) Representation of non-mediating gene 504 associated with genotype only or is a consequence of the phenotype since yfg2∆ in the 505 presence of A1 does not affect the wild type phenotype of A1; (ii) Representation of non-506 mediating gene associated with the phenotype independent of the allele since yfg2∆ in the 507 presence of both A1 and A2 lowers (low) the phenotype; (iii) Representation of causal 508 mediating gene since yfg2∆ only in presence of allele A1 lowers the phenotype and in the 509 presence of allele A2 does not change the wild type phenotype of A2. 510 (C) Bar plots represent the mean sporulation efficiency after 48h of the T and S wild type 511 (wt) and ert1∆, pip2∆ and gat3∆ strains. Pair and interaction tests (see Methods) were 512 performed to test significance. 513
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